Germ line genetic damage to either parent before conception could theoretically aVect male reproductive health, but this possibility has received little attention.
The purposes of this paper are: (a) to summarise the descriptive epidemiology; and (b) to review critically the plausibility of the endocrine disruption hypothesis as a possible explanation. Evidence from toxicology and endocrinology and from studies on wildlife are not directly considered, although they inform the discussion. Prostatic cancer is excluded, as age distribution and other features indicate that it is epidemiologically distinct from these four end points. Other human health end points are not reviewed, such as thyroid function, female reproduction, and breast cancer, which have also been linked with endocrine disruption.
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DESCRIPTIVE EPIDEMIOLOGY
Timing of exposure
For hypospadias and cryptorchidism, exposure would need to take place before birth. Adult life end points such as semen quality and testicular cancer could be aVected by exposures at any time over a broad span. The most likely possibilities are recent exposures, and those occurring in early life that aVect long term development of the reproductive system.
The idea of an early impairment with long term eVects accords well with what is known about embryonic, fetal, and infant development. Timing of an exposure is as important as its chemical, biological or physical nature: windows of sensitivity occur, which may be relatively short lived. This formed part of the original oestrogen hypothesis, but it is also compatible with non-endocrine mechanisms. In epidemiological terms, early impairment corresponds to a cohort eVect-for example, a birth cohort eVect in the case of exposure in utero.
A combination of short and long term exposures could be relevant. The most obvious example is for testicular cancer, as it is usual to distinguish initiators and promoters of carcinogenesis.
Testicular cancer
Epidemiological information on cancer of the testis is very reliable. As a disease of relatively young men that has unmistakable features, it is likely to be rarely missed or misdiagnosed, so that only an eYcient collating system is required to produce high quality ascertainment. Good data on incidence have been available from cancer registries in many developed countries for some decades. Mortality data are also available for certain countries going back 100 years, and since the disease is invariably fatal if untreated, these are reliable for the early decades of the 20th century. This is not true more recently, however, as cure rates are now high.
In principle, the descriptive epidemiology should be reviewed separately for each histological type, seminoma and non-seminoma. However, as the descriptive data are generally remarkably similar for both major types, this refinement will be ignored.
Trends
In recent decades, this disease has been increasing in most if not all countries for which data exist. An important and often overlooked question is when this trend began.
In England and Wales, mortality started rising around 1920, having been stable before the first world war (fig 1) . 2 The age distribution also changed, from one that increased steadily with age throughout life to the now familiar pattern with much lower rates over the age of 40 years. It may be that the disease present in the 19th century was diVerent from that which increased during the 20th century, or at least that its aetiology diVered.
In Denmark, a continuous rise in age standardised incidence is observable since cancer registration began in 1943. 3 A similar picture is seen throughout the developed world, with trebling of rates being common. The rise has been steady, except for a few instances-for example, in Victoria, Australia where the rate was transiently stable or fell slightly in the early 1970s. Predisposition to testicular cancer is present from an early age, probably in utero.
w7
Environmental agents could influence this predisposition. If these trends are examined in relation to the time of birth rather than of death or diagnosis, mortality started rising among men born before 1900 in England and Wales, for those who developed the young onset form of the disease (fig 1) . 2 In Denmark, the increase began in men born around 1905. 4 In Denmark, Norway, and Sweden, rates stabilised or fell for men born during 1935-45 (slightly earlier for Sweden), whereas the rise was rapid and inexorable among men born from 1920 until at least 1960 in East Germany, Finland, and Poland. 4 Recent data suggest that the rates may be stabilising for Danish men born since about 1960. 
Spatial and ethnic variation
The highest incidence in the world is found in Denmark, where the lifetime risk is now almost 1%. However, the Nordic countries do not have a uniformly high risk, as Finnish men have comparatively low rates, with Norway and Sweden in intermediate positions (fig 2) . 3 The spatial pattern for testicular cancer in the Nordic countries does not resemble that of other hormone sensitive carcinomas such as those of the prostate or female breast, but is not dissimilar from that of colorectal cancer in both sexes. 5 However, testicular cancer is unusual in that the gradations in risk appear to follow national boundaries. 5 Other high risk populations include Switzerland 6 w9 and New Zealand (including Maoris), 6 w10 whereas the Baltic states 3 and African Americans 6 have comparatively low rates. The tumour is rare among Chinese and Japanese men. 6 
Interpretation
Heredity may be relevant for international and inter-ethnic diVerences, but cannot explain rapid trends. Possible explanations include dietary changes-in macro-or micronutrients or in contaminants-or environmental exposure. The early part of the trend cannot be caused by chemicals introduced since the mid-20th century. During the earlier period there were major changes in diet, such as increasing meat consumption, and an increasingly sedentary lifestyle. However, although these fit quite well with the epidemiological trend, there is currently no evidence to incriminate them causally.
Semen quality
The literature on semen quality is much more problematic. It is usually taken to include sperm concentration, motility, and morphology, but the "time trend" debate has focused mainly on the first of these. All are subject to large degrees of within-person biological variation or measurement error, or both. In addition, descriptive epidemiology cannot be based on representative samples of the general population, as participation rates are too low. The best evidence is from candidates for semen donation and for vasectomy; data from men in contact with medical services for a fertility related problem are unreliable.
Trends
The most cited paper is a 1992 review of the world literature that related sperm concentration to date of publication irrespective of location, 7 and which claimed a 50% decline in the mean concentration over 50 years, from 113 × 10 6 /ml down to 66 × 10 6 /ml. However, its major importance is that it stimulated analysis of more reliable data, in places where information on semen quality has been continuously available over a long period. Those data are less likely to have been distorted by possible changes in the method of semen examination and/or in selection processes aVecting the populations studied.
The principal conclusions to emerge are that: (a) declines in semen quality have occurred in some places (for example, Paris (fig 3) , Gent, Edinburgh) but not in others (Toulouse, Finland, and the five US cities with published data) 8-10 w11-15 ; (b) at most, the available data go back to the early 1970s; and (c) where concentration has deteriorated, so usually have sperm motility and morphology. Where a decline has occurred, the findings are compatible with a birth cohort eVect epidemiologically, aVecting men born since about 1950, but this is not conclusive. There is no information on the year when the decline started, for any of the sites, nor what the pre-decline values were. As semen quality is inferior in humans compared with other mammalian species, it is possible that deterioration from a "natural" level has a much longer history than we have the data to substantiate.
A re-analysis of the hypothesis that formed the basis of the original meta-analysis attempted to address its suggested methodological inadequacies. 11 The decline in sperm density was found to be much steeper in Europe than in the USA; studies from elsewhere are too sparse and diverse to draw confident conclusions. The principal remaining confounding factors that could at least partially account for a downward trend were age, duration of abstinence, and method of specimen collection. However, a question mark still remains over the plausibility of a hypothesis that involves grouping together all studies that originate from an area as large as the USA or western Europe, especially as the spatial heterogeneity within each is known to be considerable. w16 One way in which this analysis can be reconciled with the more reliable single centre time trend studies is to accept that semen quality has declined in some parts of Europe, but that there has been no such trend in the USA.
Spatial variation
Substantial spatial variations in sperm concentration have been demonstrated, both in Europe and in the USA, 10 w16 w17 being relatively high in New York and Finland and low in California and north western Europe, including Denmark and Britain. In the case of Finland, couple fertility is also high compared with Britain, w18 suggesting that the higher sperm counts there are not caused by longer abstinence (less frequent intercourse). 
Interpretation
Variations in semen quality are poorly understood, and are hampered by lack of good quality data. Focusing on the hypothesis that there has been a roughly simultaneous worldwide decline obscures important spatial variation, and the occurrence of trends at diVerent times in diVerent places. If unlinked to other end points, possible explanations for these variations could include an increasingly sedentary way of life, possibly together with tight clothing, since raising the intratesticular temperature has a potent eVect on the quality as well as the quantity of sperm.
w19 A decreasing duration of abstinence, perhaps as a result of increasing acceptability of masturbation, could account for a decline in sperm quantity but not a deterioration in quality.
Congenital abnormalities of the male genitalia: hypospadias and cryptorchidism
Hypospadias is a condition in which the urethral opening is abnormal in position, in severe cases on the shaft of the penis. Cryptorchidism refers to the failure of the testes to descend into the scrotum. Both are likely to be unreliably ascertained at birth, particularly in mild cases, and the study of cryptorchidism is further complicated by the diYculty of distinguishing testes that have not descended from those that readily but reversibly retract back into the abdominal cavity. The consequence is that published data from congenital malformation registries cannot be relied upon to reflect real variations: reported time trends and diVerences between registries may both merely reflect diVerences in ascertainment and reporting. 12 Self-reported data (by mothers) are similarly unreliable.
Trends and spatial variation
The only clear indication of an upward trend in hypospadias is from Atlanta, Georgia, where a step increase was observed between 1982 and 1985 in the severe form, which is more reliably ascertained.
12 w20 Recent studies in Denmark and Finland using strict criteria have shown a higher rate in Denmark.
w21 w22
In the case of cryptorchidism, a study was carried out in Oxford during the 1950s using strict diagnostic criteria, and examination of the baby boys at 3 months when the diagnosis is more reliable. 13 A subsequent study also in southern England using the same criteria found an approximate doubling of the proportion of boys having cryptorchidism at 3 months. 13 Recent studies in New York w23 and in Finland, w24 again using the same criteria, found a similar proportion to the original Oxford estimate, whereas in Denmark it was close to the later English value. 
Interpretation
The scarcity of good data is a serious problem for both these conditions. Cryptorchidism may well have increased in England, and appears to be more prevalent there and in Denmark than in New York and Finland. Hypospadias is also more frequent in Denmark than in Finland.
The question of linkage
If two conditions frequently occur together, it is likely that they share common causal agents. Thus, the observation that cancer tends to arise in the testes of subfertile men more often than expected by coincidence 14 encourages the search for a causal agent that underlies both end points. However, if one causes the other, as is likely for cryptorchidism and testicular cancer, w26 this inference does not follow ( fig 4) ; cryptorchidism does not necessarily share determinants with testicular cancer in non-cryptorchid testes (over 90% of cases), and other evidence is required. The principal risk factor known to be shared-low birth weight w27 -does not contribute to the present discussion, as its spatial and temporal variation are insuYcient.
Common risk factors can be inferred from epidemiological evidence if the conditions have a similar pattern of variation. For example, the sharp contrast between Finland and Denmark for all four end points suggests possible linkage.
Simultaneous time trends for diVerent conditions may also suggest a shared causal factor that varies in a corresponding manner, allowing for latent periods, etc. Thus, for an exposure acting in utero, linked trends in congenital malformations and adult life end points will tend to be a few decades apart. However, as many factors vary with time, an observation of simultaneous variation is unreliable evidence for linkage.
Endocrine explanations
The oestrogen hypothesis A large number of substances have at least some oestrogenic activity. Lists of these are available (see box), but caution is required, as many of these compounds have important biological actions that are not mediated by this mechanism (and also many published lists are inaccurate). In addition, one needs to consider the mother's endogenous estradiol.
The source of exposure is related to the question of timing. In utero exposure (necessary for the two end points that are present at birth) could be to endogenous or exogenous oestrogens; in addition, exogenous oestrogens could be relevant in postnatal life. Box 1: Descriptive epidemiology-key points c It has been suggested that the health of the male reproductive system has been deteriorating, affecting four end points: sperm density, testicular cancer, hypospadias, and cryptorchidism c Testicular cancer has increased almost everywhere, the upward trend beginning in the early 20th century or before c Predisposition to cancer of the testis arises in early life, possibly in utero; this may be true of impaired semen quality as well c The evidence for a trend in the other end points is inconclusive, but suggests deterioration in semen quality-not only sperm density-as well as in cryptorchidism and possibly hypospadias c For end points other than testicular cancer, evidence for a trend is weak outside north western Europe, and even there the date of onset is unclear c There is notable spatial variation in all the end points. In each case the reproductive system of Finnish men is healthier than that of Danish men, which is consistent with the idea that the four are linked
Endogenous oestrogen
Mammals are adapted to starting life inside their mothers, whose blood streams are rich in estradiol (even before the early pregnancy surge). In contrast to other vertebrates the default sex is female, and masculinisation of the gonads and central nervous system depends on the presence of androgens. There is some evidence that variation in the concentration of maternal estradiol is associated with the risk of testicular cancer w28 w29 and of cryptorchidism. w30 Nutritional intake is associated with estradiol concentration. It has been suggested that the modern low fibre, high fat western diet may increase maternal concentrations, leading to problems with the reproductive health of their male oVspring. w31
Exogenous substances with oestrogenic eVects
The relative exposure of the fetus to exogenous and endogenous oestrogens is an important issue, which depends both on potency and on concentration in fetal tissues. Diethylstilboestrol (DES) is a synthetic non-steroidal substance that is more potent than estradiol and crosses the placenta. Other oestrogenic substances have much lower potency. Taking account of concentrations likely to occur, by far the most important are phyto-oestrogens, such as the isoflavones which are abundant in soya. They have mixed oestrogenic and anti-oestrogenic eVects, as they bind to the receptor but only activate it weakly. Industrial chemicals with known oestrogenic activity similarly tend to have mixed agonist and antagonist eVects. They are at least five orders of magnitude (100 000-fold) less potent than estradiol and 100-fold less potent than phyto-oestrogens. They also occur in far smaller quantities than dietary phyto-oestrogens. 15 It has often been argued that maternal estradiol does not reach the fetus, because it is bound to plasma proteins. Up to 99% may be eVectively removed in this way, although this still leaves 1% of circulating hormone free. It is also said that estradiol does not cross the placenta. However, although the estradiol concentration in the embryo during sexual diVerentiation is unknown, it seems unlikely that there is close enough to an absolute barrier to overcome the vast diVerence in potency between endogenous oestrogens and exogenous agents, except possibly in the case of phyto-oestrogens.
DES was prescribed for millions of pregnant women in the 1940s, 1950s, and 1960s, in the mistaken belief that it could prevent threatened miscarriage. Pharmacological doses were given in early pregnancy, and in principle this is therefore a good test of whether the male embryo is sensitive to oestrogens. Of the four end points discussed in this paper, only cryptorchidism was clearly increased. w32 Other genital malformations also occurred, notably epididymal cysts, hypoplastic testes, and urethral stenosis, but not hypospadias w32 (a mis-reading of stenosis as hypospadias has unfortunately been propagated erroneously in the literature). One study of sperm density found a slight reduction among those who had been exposed in utero (91 × 10 6 /ml versus 115 × 10 6 /ml in the placebo exposed group).
w33 This fall was smaller than that observed in Paris, for example, from 89 × 10 6 /ml in 1973 to 60 × 10 6 /ml in 1992. 8 Not all studies have found a reduction. w34 The fertility and sexual function of men exposed in utero were unaVected when they were studied at almost 40 years of age. The situation with testicular cancer is unclear, with both positive and negative studies. A review by the US National Cancer Institute concluded that there was no link, w36 but others estimate that the relative risk may be as high as 2.0 w2 (which is less than the increase in incidence in many countries). There may have been some underestimation of association in some studies because exposure occurred after the critical developmental period in about half of the subjects, together with problems in ascertaining exposure, w37 but on the other hand the positive case control studies may have been influenced by recall bias.
The clearest epidemiological evidence on the eVect of phyto-oestrogens comes from populations with a high soya intake, notably Chinese and Japanese men. The incidence of testicular cancer is lower even than in Finland, 6 but semen quality appears to be comparable with that in western Europe.
w38
There is no epidemiological evidence on industrial compounds with oestrogenic activity (other than DES), such as bisphenol A, octylphenol, and nonylphenol. Clear cut and repeatable toxicological results are also lacking for the end points considered here. As these compounds are pharmacologically similar to phyto-oestrogens but far less potent, it is diYcult to believe that there is a harmful eVect.
Other endocrine mediated effects
Anti-oestrogenic eVects
As mentioned above, many exogenous "oestrogens" also have anti-oestrogenic eVects. One way in which the original hypothesis has become broadened is the idea that oestrogen antagonism can generate the eVects that were originally attributed to oestrogenic stimulation. Empirically, the evidence on phyto-oestrogens is equally relevant to this hypothesis.
Anti-androgenic eVects
An alternative version of the endocrine disruption hypothesis is androgen antagonism. Anti-androgens do not face the same problem of competition with endogenous estradiol, and the idea is plausible because the development of maleness in mammals depends on androgens. This classification is an over simplification: it conflates receptor mediated eVects with those caused by other mechanisms-for example, interference with hormone synthesis. Moreover, several of the "oestrogens" show considerable aYnity for the androgen receptor For the reasons given in the text, compounds in the A3 category cannot plausibly be considered responsible for the types of impairment of the male reproductive system considered in this paper
Education
Most of the available information on anti-androgens comes from toxicology. Blocking of androgen action has been found by p,p'-DDE, a stable breakdown product of DDT (dichlorodiphenyltrichloroethane), 16 and other substancesfor example, metabolites of the pesticide vinclozolin. 17 Several phthalates are known to inhibit testosterone synthesis.
w39 There is some experimental evidence in rats and/ or rabbits that such substances can produce hypospadias and cryptorchidism, early malignant change in cryptorchid testes, and reduced sperm counts.
w39
Expected spectrum of effects A diVerent approach is to ask, what epidemiological changes would be expected a priori from exposure to endocrine disrupters of various types: which end points would be aVected, and in which sex? In general, females are more sensitive than males to oestrogenic eVects. Female oVspring were far more aVected than male by maternal DES exposure, 18 and the eVects of phyto-oestrogens are principally evident in females.
Many other cancers are hormone sensitive, and could potentially be influenced by xenobiotic endocrine disrupters. One would expect a rise in oestrogenic or a fall in androgenic activity to go with an increase in male breast cancer and a decrease in prostate cancer. Among women, endometrial and breast cancer would be expected to rise. Only the latter has occurred, and its incidence is much lower in populations who consume high quantities of soya. 6 Toxicologists routinely use end points involving growth and development as markers of endocrine activity. Any endocrine mediated disturbance would be expected to aVect age at puberty. No such change has occurred among boys, either in western Europe or the USA, w40 w41 in contrast with suggestive evidence of widespread precocious puberty among girls in the USA, especially African American girls.
w42
Disturbance of other secondary sexual features might also be expected-for example, inappropriate body hair or gynaecomastia-and disturbances of growth including timing of epiphysis closure. These have not been reported.
Interpretation
Variation in endogenous estradiol is a possible candidate to explain the observed temporal and spatial variations. However, it is unclear whether maternal estradiol concentrations are suYciently sensitive to nutritional factors to explain the observed trends and/or spatial variations, as there has been insuYcient research in this area. Substances that block androgen or oestrogen receptors in the hypothalamo-pituitary axis could increase maternal gonadotrophin and therefore endogenous oestrogen secretion. Evidence that the concentration of maternal estradiol is associated with biological changes undermines the argument that the embryo is not exposed to endogenous oestrogen.
For exogenous agents, the DES episode provides evidence that in utero oestrogenic exposure is unlikely to influence strongly the end points discussed in this paper other than cryptorchidism. This contrasts with its much more devastating impact on female oVspring, which included vaginal carcinoma in young women. The low incidence of testicular cancer in Japanese and Chinese men undermines the idea that exposure to phyto-oestrogens (at any stage of life) or to any mechanistically similar compounds increase the risk of the disease. Overall evaluation of the eVects of phyto-oestrogens needs to take account of their beneficial role in relation to numerous diseases, including coronary heart disease and various cancers. 19 Environmental pollutants cannot plausibly be responsible for adverse eVects on the health of the male reproductive system caused by oestrogenic activity, on grounds of potency and mechanistic analogy.
In contrast, it is plausible that anti-androgens could play a role. However, the substances currently known to have anti-androgenic activity have been introduced since the second world war, and therefore cannot explain the earlier rise in testicular cancer. Exposure to p,p'-DDE also cannot explain the observed epidemiological diVerences between Finland and Denmark, as DDE concentrations in human milk have been shown to be similar in all the Nordic countries; they have declined sharply since 1970. 20 However, even if spatial diVerences and past trends are not explicable in this way, current/recent exposure to DDE and to phthalates (which are now ubiquitous) may possibly have adverse eVects. It is reassuring that very high exposure to DDE in developing countries since the 1950s, as a result of malaria eradication programmes, has not resulted in a major epidemic of testicular cancer in young men. 6 This suggests that anti-androgenic substances may not be suYcient to cause this disease in non-cryptorchid testes.
A broader argument against the importance of endocrine disruption for problems with the male reproductive system is that the observed spectrum of eVects diVers in important respects from that expected on biological grounds. The trends in a variety of endocrine sensitive cancers do not form a coherent pattern, and associated disturbances in boys' pubertal development and secondary sexual characteristics have not been observed.
Conclusions
The accumulation of evidence on diVerent end points suggests a real deterioration in the health of the male reproductive system, at least in some populations. There has been a widespread increase in testicular cancer, starting 100 years ago in some places. There has probably been a deterioration in semen quality in north western Europe in Box 3: Endocrine explanations-key points c A prevalent hypothesis is that the male reproductive system is susceptible to damage by substances with endocrine activity, such as oestrogens c The mother's endogenous oestrogen may possibly affect the male fetus, but there is insufficient evidence to support this as an explanation of the epidemiological findings c The human evidence on relatively strong exogenous oestrogens does not support the hypothesis: DES (see text) has been conclusively linked only to cryptorchidism, and some populations whose diets contain abundant oestrogens of plant origin have low testicular cancer rates c Environmental pollutants with weaker oestrogenic activity cannot plausibly be responsible for the observed trends or spatial variation c Anti-androgens are a more likely cause, but the earliest known example is DDE (from DDT use) which was introduced after the trend in testicular cancer began, and widespread exposure in the developing world has not led to an epidemic of this disease c The observed spectrum of effects differs from that which would be expected a priori for an endocrine mechanism c The timing of the testicular cancer trend is consistent with a dietary origin, and the search for candidates should extend beyond hormonal agents to include those capable of causing genetic damage Education * recent decades. There may well have been an upward trend in cryptorchidism, at least in England, but clear trends in hypospadias have not been established. Large spatial variations occur in all of these four end points. There is suggestive evidence for linkage, in that the reproductive system of male Finns is consistently healthier than that of Danes and (probably) others in north western Europe.
Explanations are much less certain. Extrapolation from egg laying creatures to mammals is unhelpful. The causes may be diVerent for each end point, but some shared determinants appear to be likely. Exogenous oestrogens are not strong candidates, but increased maternal estradiol cannot be ruled out. Anti-androgens are more likely, according to findings in experimental animals, but for testicular cancer this hypothesis would predict a major epidemic in large parts of the developing world which has not occurred.
The historical timing of the trend in testicular cancer implies that any agent introduced since the mid-20th century cannot be responsible for the earlier changes. This includes all industrial chemicals currently known to be endocrine disrupters. A change in dietary intake could be responsible, possibly one associated with increasing prosperity.
The search for causal factors should not be confined to endocrine disrupters. Genetic damage could predispose to testicular cancer and to impaired capacity for spermatogenesis. A genotoxic agent would have to be absorbed by the gut, to reach the embryo during sexual diVerentiation, and to localise within the testis. Mutagens in food include heterocyclic amines, which occur in meat (especially if well cooked), and have been implicated in colorectal cancer. It is plausible that they meet these criteria; in particular, their structure suggests that activated heterocyclic amine molecules could bind to androgen and/or oestrogen receptors, which would deliver them to the testicular DNA, where they could cause diVuse genomic damage.
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